Abstract. It was found in previous investigations that during venous gas infusion at low rates (1-5 ml/min *) circulatory and respiratory variables reached a constant level after about 10-15rain. The present study demonstrates that this steady state can be disturbed by changing the composition of the breathing gas mixture. Alteration from air to 21 ~ 0 2 in helium rapidly increased the embolic effects up to a maximum within 1.5 -2 min; in the next 5 -8 min the circulatory and respiratory variables returned to their previous levels during air breathing. Reverse effects occurred when changing from 21 ~ 0 2 in helium to air. Similar phenomena were seen after switching from air to pure oxygen and from 21 ~ 02 in helium to pure oxygen. However, the extent of the circulatory and respiratory changes differed depending on the composition of the respective alternating breathing gas mixtures and on the initial embolic level as determined by infusion rate and kind of infusion gas. Gas movements between intravascular bubbles and alveolar space might be responsible for these changes.
Introduction
In previous papers it has been reported that venous gas infusion at constant artificial ventilation increases pulmonary arterial pressure (Pap) without any change in systemic arterial pressure (Pa) or cardiac output (Q) (Verstappen et al., 1977a) and that it augments the alveolar-arterial 02 and CO 2 pressure differences * Present address: Department of Physiology, Biomedical Center, Medical Faculty, University of Limburg, Maastricht, The Netherlands
Methods
Anesthetized mongrel dogs of either sex, weighing l 5-25 kg, were used. For a descripton of anesthesia, procedures to measure the circulatory and respiratory variables, and artificial ventilation, see Verstappen et al. (1977 a, b) . In the present study the effect of a change of various breathing gas mixtures (air, 2l ~ 0 2 in helium, 100 ~ 02) during venous gas infusion on circulatory and respiratory variables was investigated in 5 dogs. Oxygen, helium and air were used as infusion gases administered at a rate of 3.2 ml min-1 When a steady state in the circulatory and respiratory variables was reached the breathing gas mixture was changed. To exclude the effect of the physical properties (Krogh's diffusion coefficient; see Verstappen et During the steady state of intravenously induced pulmonary gas embolism where diastolic pulmonary arterial pressure (P=pd~=~) and alveolar CO 2 fractional concentration (FAc,~) had reached constant levels, the breathing gas mixture was changed. (Fig. 2) . However, after switching from 100 % 0 2 to 21% 02 in helium and vice versa the extent of changes in Papaia~t and FAco, is clearly smaller (Fig. 3) . Furthermore when changing from 21% O 2 in helium to 100 % 0 2 the decrease in Papdi=~t is not accompanied by an increase but rather by a decrease in FAco~. When comparing the extent of the changes in Papdi~t and FAco; with respect to the nature of the infused gases, it will be seen from all these figures that the responses in general are less marked during oxygen infusion than during air or helium infusion.
B. Effects of Change of Breathing Gas Mixture on Diastolic Pulmonary Arterial Pressure and Alveolar C02 Fractional Concentration During Venous tnJhsion of Air at Different Rates
In order to eliminate the effect of the physical properties (Krogh's diffusion coefficient) of the infused gas on the extent of the changes in Papdiast and FAco~ (Verstappen et al., 1977a, b) , air was infused at different rates to produce varying initial control levels at Papdiast and FAco~. Figure 4 shows that when changing from air to 21% 0 2 in helium and vice versa, the extent of the changes in Papdi.~t and Faco~ depends on the initial control levels.
C. Influence of Different Breathing Gas Mixtures on the Effect of Venous Injection of 25 ml Air on Diastolic Pulmonary Arterial Pressure and Alveolar C02 Fractional Concentration
In previous papers it was reported that during air breathing venous injection of different gases causes similar changes in Papdia~t and FAco~ (Verstappen et al., 1977a, b) . Figure 5 shows that the kind of breathing gas affects the changes in Pap ..... and FAro2 after venous injection of 25 ml air. In the first 40 s after the injection the curves run parallel in agreement with previous findings. Thereafter, however, Papdia~t and FAcQ keep following their course for another 1-2min during 21% 0 2 in helium or 100 % 02 breathing, whereas they change their direction in the case of air. Then both curves gradually return to a course parallel to that during air breathing.
Discussion
Several studies have been performed on the behavior of gas bubbles in the body. Piiper (1970) found by theoretical analysis of the absorption of inert gases from gas cavities in the body that a model of equal diffusion resistance for all capillaries effective in gas absorption is most satisfactory. Hlastala and Van Liew (1975) mentioned that the time for complete disappearance of inert gas bubbles depends on the initial bubble size, the perfusion rate of the tissue, the physical characteristics of the inert gas, and the expression (1 -Pa/Pg), where Pa and Pg are the inert gas partial pressures in the surrounding tissue and inside the bubble respectively. They calculated the time for the disappearance of a nitrogen bubble of 1 mm radius in an Oz-breathing man to be 100-250 min depending on blood perfusion. Breathing air increases the time of persistence of the bubble about 10 times. Experiments on the absorption of gas bubbles in flowing blood were done by Hlastala and Farhi (1973) . The time for a A photograph visualizing the position of gas bubbles in pulmonary arterioles. Reproduction from Knisely (1969) by permission of Thomas Publishers nitrogen bubble of a radius of 2800 gm to decrease to a radius of 500 ~tm was about 85 min. In this experiment the nitrogen partial pressures in the bubble and in the blood were 657 and 88.5mmHg respectively. When breathing air the bubble would disappear in 560 min. Bubbles in the pulmonary circulation disappear within 10-20 min as may be deduced from the disappearance of circulatory and respiratory symptoms after venous gas administration (Verstappen et al., 1977a, b) and from the excretion of gas from bubbles trapped in the pulmonary circulation (Verstappen et al., 1977c) . The relatively thin tissue barrier between the intravascular bubble and the alveolar space may be responsible for the fast absorption of these bubbles. The bubbles are arrested in the arterioles where they are elongated into gas columns and absorbed (E. and A. Curtillet, 1939; Knisely et al., 1957; Knisely, 1969) . A photograph to visualize this condition has been copied from Knisely (Fig. 6) . Even in the systemic circulation bubbles have not been observed to pass from arterioles into capillaries since the blood pressure is not sufficient to overcome the increase in surface tension of small bubbles (Buckles, 1968) .
The purpose of the present study was to suggest the possibility of gas exchange between the alveolar space and the intravascular gas bubbles in the pulmonary circulation. Jameson (1963) demonstrated diffusion of gases from alveoli to precapillary arteries by detection of hydrogen or oxygen at the tip of a catheter in wedge position in a branch of the pulmonary artery after inhalation of these gases. We studied changes in circulatory and respiratory variables due to increase or decrease of bubble size. Strauss and Kunkle (1974) found in a model in which stable bubbles were created in gelatin by decompression, that switching the contacting gas from N 2 to He caused bubbles to grow, whereas switching from He to N 2 caused bubbles to shrink or disappear. This finding was confirmed for subcutaneous pockets containing various gases in rats (Piiper et al., 1962; Tucker and Tenney, 1966; Van Liew and Passke, 1967) . Our results agree with these findings. When N 2 (Krogh's diffusion coefficient=0.0353 • -5 ) in the alveolar space is replaced by He (Krogh's diffusion coefficient = 0.0706 x 10-s) or by 02 (Krogh's diffusion coefficient = 0.0743 • 10 -5) the intravascular bubbles might be expected to grow as indicated by an increase of Pap and a decrease of FAcc~:. In morphologic terms this means that the gas column proximally expands and so blocks more arteriolar branches (see Fig. 6 ). Conversely replacing He or 0 2 by N z elicits the opposite effect. The extent of changes in Par and FAc,,~ due to a change of the breathing gas appears to depend on the degree ofembolization, i.e. on the total amount of gas bubbles in the pulmonary circulation. This can be deduced from Results A and B: the higher the initial Pap the larger the change. The limit of the increase or decrease in bubble size is reached when the net inward movement of gas molecules equals their net outward movement (peaks and dips in the curves of Figs. 1-4) . Concerning the gas movements due to partial pressure differences this equilibrium is reached when the product of pressure difference times Krogh's diffusion coefficient of the inward-moving gas equals that of the outward-moving gas. After reaching this equilibrium the diffusion of the gas with the lower Krogh diffusion coefficient will then exceed that of the faster gas because its pressure gradient remains high for a longer time.The previous effect of the fast-moving gas on the bubble size is thus compensated, at least partially, by the delayed effect of the slowly moving gas. When the partial pressure difference of both gases has become zero the original P~p as before changing the respiratory gas mixture is re-established. The change of the bubble size by alteration of the breathing gas mixture affects the partial pressure of the infused gas in the bubbles. The diluting effect of a fast-moving gas entering the bubbles on the outward-moving infusion gas enhances the growth of the bubbles by inhibition of this outward flux; the concentrating effect of a fastmoving gas leaving the bubbleson the outward-moving infusion gas enhances the decrease of the bubble size by facilitation of the outward flux. The influence of the total pressure difference between the intravascular bubbles (atmospheric pressure plus pulmonary arterial pressure) and the alveolar space (atmospheric pressure plus small pressure changes due to the respiratory cycle) on the gas movements after altering the respiratory gas mixture will be minor since its magnitude is only small (10-30 mm Hg) compared with that of the gas partial pressure gradients (500-600 mm Hg). However, after disappearance of the partial pressure differences P~p will again elicit a net gas movement from the bubbles so that the bubble removal will be equal to the continuing bubble supply, as was the case before changing the breathing gas mixture.
In view of this explanation of the processes influencing the bubble size the finding that a change of the breathing gas mixture from pure oxygen to 21 ~ 0 2 in helium causes a small increase of Pap (Fig. 3) is somewhat surprising, since Krogh's diffusion coefficient of 02 is higher than that of He. This seemingly paradoxial effect of He might be explained by a reversal of the preceding vasodilator action of pure oxygen. The effect of changing the breathing gas from 21 ~ 02 in helium to pure oxygen on Pap may be explained in the same way. This effect also acts when switching from air to pure oxygen or vice versa, but it has probably been masked by the changes in bubble size. Turning from infusion to injection the effects of various breathing gases on circulatory and respiratory changes after venous gas injection (Results C) need further explanation. Venous gas injection causes rapidly a massive obstruction in the pulmonary circulation as evidenced by a rapid increase in Pap. Except for injected gases of high solubility such as CO 2, the degree of obstruction will be similar for any gas (Verstappen et al., 1977a) . After the bubbles have reached the pulmonary arterioles, gas will move, due to different gas partial pressures, from the alveolar space into the intravascular bubbles or vice versa. Since helium and oxygen diffuse from the alveolar space into the bubbles faster than nitrogen, breathing a mixture of 21 ~o 02 and 79 ~o He or pure oxygen induces enlargement of the bubbles and so a higher Pap than during air breathing. The infusion experiments suggest that the diffusional inward and outward movements of the gases are balanced after 2rain (Figs. 1-4) ; following gas injection the higher Pap provides, after 2 rain (Fig. 5) , a faster removal of the bubbles so that the Pap curve at 21 ~ 02 in helium or at 100 ~ 02 gradually returns to the Pap curve during air breathing.
In the absence of major changes in cardiac output the changes of FAc,,: are caused by changes in the distribution of ventilation and perfusion at constant artificial ventilation (Verstappen et al., 1977d) . Increase in Pap is accompanied by a decrease of FAc~, and vice versa. Contrary to the usual picture, Figure 3 shows that when changing from 21 ~ 02 in helium to 100 ~ O z breathing a decrease in Pap is accompanied by a decrease of FAco: ! This may be ascribed to a condition where the effect of a more equal distribution of the ventilation-perfusion ratio due to a decreased degree of embolization is exceeded by the unfavorable effect of oxygen on the regulation of the V^/(~, i.e. by the fact that oxygen releases the hypoxic vasconstriction in lung units with low ventilation-perfusion ratios, and thus further enhances their perfusion and decreases their ventilation-perfusion ratio (Verstappen et al., 1977d) . The findings of the present investigation might be important in the treatment of pulmonary gas embolism, e.g. in decompression sickness. When switching from breathing air to pure oxygen in an attempt to alleviate arterial hypoxemia, the accompanying rapid increase of pulmonary vascular resistance due to the growing bubbles might elicit acute insufficiency of the right ventricular function.
